Abstract: Blue phase liquid crystal Dammann grating is demonstrated as an optical array generator. The phase profile is formed by the alternation of isotropic refractive index and vertical field induced ordinary index. Periodical Dammann grating can generate equal energy distributed optical array. When forked dislocations are introduced, multiple optical vortex beams with different topological charges are generated. This approach supplies a novel design for fast-response optical array generator, which has great potentials in array illumination, beam shaping and optical communications. Willner, "Terabit free-space data transmission employing orbital angular momentum multiplexing," Nat. Photonics 6(7), 488-496 (2012). 7. T. Lei, M. Zhang, Y. Li, P. Jia, G. N. Liu, X. Xu, Z. Li, C. Min, J. Lin, C. Yu, H. Niu, and X. C. Yuan, "Massive individual orbital angular momentum channels for multiplexing enabled by Dammann gratings," Light Sci.
Introduction
An optical array generator is such a device that splits an incoming laser beam into an array of many 'beamlets' [1] . It has attracted much attention due to its extensive applications in optical data storage [1] , multiple imaging [2] and coherent summation of laser beams [3] . Among the wide variety of optical array generators, the so-called Dammann grating (DG) [4] is a key approach to uniformly distribute energies among the designed diffraction orders without changing its mode. In optical communications, mode based multiplexing technology can drastically enhance the capacity. Recently, orbital angular momentum (OAM) of optical vortices (OVs) has been intensively studied as it can provide a new degree of freedom for mode multiplexing [5] [6] [7] . By introducing the concept of DG into conventional vortex grating [5, 8, 9] , Dammann vortex grating (DVG) can generate multiple OVs with different OAM and equal energy [7, 10] . In addition, the DVG can extend the detection capacity in OAM parallel detection as all the designed diffraction orders become useful [11] .
The DGs and DVGs can be achieved via different strategies. Previously reported DGs were mainly fabricated on photoresists [7, 11, 12] or glass substrates [13] via microelectronic-lithography. However, they are static without tunability. The commercial spatial light modulator (SLM) provides an approach to realize tunable DGs [10] . But the SLM suffers from polarization dependency, high cost and optical inefficiency. Liquid crystals (LCs) have been employed to accomplish tunable phase modulation thanks to their excellent electrooptical (EO) properties. Compared to nematic LCs, the Kerr effect of blue phase liquid crystals (BPLCs) permits fast EO response [14] [15] [16] . BPLCs have great potentials in both display [17] [18] [19] and non-display fields, such as lenses [20, 21] , gratings [22] [23] [24] [25] [26] and cubic phase plates [27] . Therefore, the realization of BPLC DGs/DVGs make it possible for tunable, low cost and fast switchable optical array generators.
In this work, the first BPLC DGs/DVGs are demonstrated. Specific periodical and forked electrodes are utilized to drive BPLC to form DGs and DVGs, respectively. They are demonstrated as optical array generators for equal-energy distribution. For BPLC DVGs, a series of OV beams with different topological charges are generated. Besides, advantages such as fast electrical switchability and polarization independence are exhibited.
Principle and experiment
A DG can be obtained by binarizaing a blazed phase distribution (φ = 2πx/Λ, Λ is the period) into 0 and π phase values. The transmission function of DG can be written as [28] ,
where n represents the diffraction order. When the vortex phase of mθ (θ is the azimuthal angle, m is the topological charge) is nested, the blazed spiral phase distribution can be depicted as φ = 2πx/Λ + mθ. After binarization, a DVG could be obtained. Its transmission function can be written as [28] ,
For both cases, the coefficient of the n th order can be expressed as
where {x k } are normalized phase transition points in one period with boundary values of x 0 = 0 and x N = 1, and N is the total number of transition points. By optimizing the values of {x k }, the light energy can be distributed into several desired orders with good uniformity and high efficiency, which is the essence of Dammann phase-encoding method [28] . Zhou and Liu have reported a series of normalized phase transition points required for different number of equal-energy diffracted orders [29] .
Here, DG and DVG with seven desired diffraction orders are presented using Dammann parameters x 1 = 0.23191, x 2 = 0.42520, and x 3 = 0.52571 [29] . The phase patterns of designed DG and DVG are shown in Figs. 1(a) and 1(e) with black indicating 0 and white indicating π. We transfer these patterns to the positive photoresist by means of Digital Micro-mirror Device (DMD) based microlithography [30, 31] . The white regions in Figs. 1(a) and (e) are exposed areas. After developing, the ITO layer corresponding to white regions is removed by wet etching. The unexposed regions, i.e. the black regions, still have ITO layer. Figures 1(b) and 1(f) show the obtained patterned electrodes with the period of 125 μm observed in reflection mode and the brighter regions are ITO covered regions. Then each patterned ITO glass is assembled with a bare ITO glass to form a cell. The cell gap is 12 μm controlled by Mylar films. As aligning process is not needed for BPLC, the fabrication procedure is simplified.
The mixture of BPLC precursor contains LC host TEB300 (80.9 wt%), monomers RM257 (10 wt%) and EHA (5 wt%), chiral dopant R5011 (3.6 wt%) and photo initiator (0.5 wt%). The mixture is stirred above the clearing point and filled into the cell. We first heat the cell to 45 °C and then cool it at a rate of 0.1 °C/min. A heating and cooling stage (Linkam SLT 120) is used to precisely control the temperature and the sample is observed under a polarizing microscope (Nikon 50i) with orthogonal polarizers. A uniform BP state is obtained at 35 °C which is then UV-cured at an intensity of 3 mW/cm 2 for 5 minutes. After that, polymerstabilized BPLC [32, 33] cells with patterned electrodes are achieved.
The BPLC is optical isotropic and the refractive index is n i with no electric field applied. When external field is applied, the refractive index to normally incident light in the electrode covered regions changes gradually from n i to n o due to Kerr effect while that in the uncovered regions almost keeps n i [34] . Here the Kerr constant is positive. According to the extended Kerr effect, the induced birefringence Δn can be characterized as [35] :
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where Δn sat is the saturated induced birefringence, E s is the saturation electric field, and n o (E) is the field induced ordinary refractive index. In this case, the phase difference Γ between the two regions could be expressed as [35] i o
where λ is the wavelength of incident light. Thus a DG or DVG phase profile is formed. Figures 1(c) and 1(g) present micrographs of the BPLC DG and DVG at voltage-off state. Uniform platelet textures are observed. Due to the wavelength selective Bragg reflection, different color domains exist in different orientated BPLC cubic lattices. As the cubic lattices are optically isotropic and their Kerr effects are independent on orientations, the non-uniform orientation here will not affect the EO properties [33] . After vertical field applied, the electrodes covered regions turn darker while uncovered regions remain unchanged, as revealed in Figs. 1(d) and 1(h). The reason is that the LCs tend to reorientate along the electric filed, leading to reduced Bragg reflection. As we can see, the profiles are consistent with the patterned electrodes which is caused by external field induced EO tuning of the BPLC. DG and DVG shaped phase profiles are thus obtained with alternation of isotropic and vertical field induced ordinary refractive indices. In Figs. 1(d) and 1(h), the narrow boundary lines between adjacent regions are induced by the fringe field [34] , and will alternate from bright to dark state when rotating the sample under crossed polarizers. In our experiment, a 632.8 nm laser beam passes first through a polarizer and then a halfwave plate to generate a linearly polarized light. Afterwards, it normally incidents to the sample and the diffracted orders are received by a photodetector. At 0 V, only a Gaussian beam is observed (as the inset in Fig. 3 ) since the BPLC is optical isotropic, and the cell works as a uniform dielectric film. Figure 2 (a) presents the energy distribution of the DG sample with a voltage of 180 V applied, with corresponding diffraction pattern shown in the inset. The energy distribution and diffraction pattern of BPLC DVG are shown in Fig. 2(b) . Due to the forked dislocation, the diffraction orders turn to OVs with topological charges given by nm. When altering the incident polarization, no obvious difference is observed, indicating a good polarization independence. The reason is that the phase profiles are generated through the phase difference between n i and n o (E), both of which are independent on the polarization of normally incident laser beams [34] . Unfortunately, it can be seen here that the energy distribution of each diffraction order is not so uniform and the energy of the 0th order is still high. The nonuniformity is mainly caused by the preparation error in fabricating the patterned electrodes and the fringe field effect. The phase difference Γ between adjacent regions does not reach π, making the 0th order higher than other orders. This can be improved by optimizing the geometric parameters of the cell gap, or by introducing BPLC with larger Kerr constant and birefringence.
Results and discussions

